Abstract: Quantum dots (QDs) show great promise for use in nanotechnology, owing to their high quantum efficiency, color tenability, narrow emission, and high luminescence efficiency. As a new generation of light-emitting devices (LEDs), QD-LEDs have attracted a great deal of attention in displays and lighting. To meet the commercial requirements, the brightness of QD-LEDs needs to be further improved. In this work, we propose multilayer heterostructures on a SiO 2 substrate, which provides multiple reflective bands with the very high reflective efficiency of nearly up to 100%. Electric field distributes mostly in the superficial layer. The proposed structure provides highly multiband reflection covering the emission peaks of QDs in LEDs; hence, it can eventually enhance QDs' fluorescence and enhance the brightness of QD-LEDs. We investigate four typical emission wavelengths, mainly aiming for red QD-LEDs and infrared QD-LEDs, which correspond to the applications of displays, infrared illumination, optical communication, and so on. The total reflection bands can be adjusted according to practical requirements by tuning the thickness of every layer. One fabrication procedure can be used for different kinds of QDs or the same kind of QD with different sizes without changing their processing properties. The proposed structure has fewer flat layers compared with 1-D photonic crystals, which leads to lower cost and easier fabrications.
Abstract: Quantum dots (QDs) show great promise for use in nanotechnology, owing to their high quantum efficiency, color tenability, narrow emission, and high luminescence efficiency. As a new generation of light-emitting devices (LEDs), QD-LEDs have attracted a great deal of attention in displays and lighting. To meet the commercial requirements, the brightness of QD-LEDs needs to be further improved. In this work, we propose multilayer heterostructures on a SiO 2 substrate, which provides multiple reflective bands with the very high reflective efficiency of nearly up to 100%. Electric field distributes mostly in the superficial layer. The proposed structure provides highly multiband reflection covering the emission peaks of QDs in LEDs; hence, it can eventually enhance QDs' fluorescence and enhance the brightness of QD-LEDs. We investigate four typical emission wavelengths, mainly aiming for red QD-LEDs and infrared QD-LEDs, which correspond to the applications of displays, infrared illumination, optical communication, and so on. The total reflection bands can be adjusted according to practical requirements by tuning the thickness of every layer. One fabrication procedure can be used for different kinds of QDs or the same kind of QD with different sizes without changing their processing properties. The proposed structure has fewer flat layers compared with 1-D photonic crystals, which leads to lower cost and easier fabrications.
Index Terms: Hetero-structure, multilayer, enhance, quantum-dot light-emitting diodes (QD-LEDs), emission.
Introduction
Quantum dots (QDs) have been highlighted in nanotechnology for their novel optoelectronic properties differing greatly from the corresponding molecular and bulk materials. They have unique properties, such as controllable emission wavelength, high quantum efficiency, high color purity, long lifetime, and so on. Due to QDs' unique optical properties and the continual development of new colloidal core and core-shell structures, QDs have shown great potential for next generation quantum dots light emitting devices (QD-LEDs) [1] - [3] . Colloidal QD-LEDs, owing to their flexibility, low cost, low energy consumption compared to other light sources, have received great attention in the fields of new generation of displays and infrared technology. The fluorescence wavelengths of Colloidal QD-LEDs can be easily tuned to realize different emission spectrum in broadband by varying the size of QDs. As well as visible QDs-LEDs, nearinfrared QD-LEDs (NIR QD-LEDs) are also attractive because their important roles in the fields of near-infrared application, e.g., optical communication, geological exploration, illumination etc.
[4]- [7] . Different from traditional electroluminescence NIR LEDs, NIR QD-LEDs have many advantages such as controllable wavelength, low cost fabrication without complicated evaporation, epitaxial growth, slicing etc.; however, the brightness of NIR QD-LEDs is low, and we need to find a good method to enhance the emission efficiency of the QD-LEDs.
Compared to the metallic reflector, photonic crystal (PC) mirrors made of dielectric material have little light absorption/loss. Besides, due to the skin effect of metal, the light absorption focuses on the very thin surface layer of metal reflectors, leading to a high temperature and deformation of the metal surface, which seriously affects the quality of the metal reflectors eventually. However, dielectric PC mirrors can avoid above disadvantages because that the heat absorbed will disperse in a large volume. Thus, the PC's surface will not be burned. Therefore, a lot of PC structures are introduced to enhance the emission efficiency of the QD-LEDs [8] , [9] . However, the cost is still high, and fabrication is still complicated. In this paper, we proposed all-dielectric four-layer heterostructures with alternating Si and SiO 2 thin layers on a thick SiO 2 substrate. It is easy to fabricate and the cost is low. These alternating layers lead to strong coherent scattering effects, many optical modes coupling between layers, and the superposition of the reflection bands. Thus, the proposed structure provides multiple reflection bands with the very high reflective efficiency nearly up to 100%. Electric field distributes mostly in the superficial layer. By adjusting the structure's parameters, the proposed structure's total reflection bands can cover the emission peaks of QDs with different emission wavelengths, and we further confirm that the fluorescence of QDs can be enhanced greatly. Eventually, the brightness of QD-LEDs can be improved to a great extent. Fig. 1(a) shows the 3-D configuration of the proposed structure, which is composed of alternating SiO 2 and Si layers on a thick SiO 2 substrate. Here, the thickness of one hetero-structure layer (containing one layer of SiO 2 and one layer of Si, which is denoted as N ¼ 1) is H, and the thickness of each Si layer is t . Fig. 1(a) is the optimized structure with N ¼ 4. 
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The calculations are conducted by 3-D rigorous coupled wave analysis (RCWA) [10] , [11] and finite difference time domain (FDTD) [12] - [14] methods. In our simulation, the complex refractive indices n and k (n and k representing the real and imaginary parts of the refractive indices, respectively) of SiO 2 and Si which are dependent on wavelength ðÞ are obtained from Palik's book [15] . Here, a plane wave source is injected from the top of structure, the distance between the plane wave source and the top of structure is at least two times of the target wavelength. A continuous wave (CW) source is used for every simulation, and the wavelength is scanned from 0.3 m to 2.0 m in this work. As the structure is flat, the performance of s-polarization and p-polarization are the same for the normal incidence, we take p-polarization, for example, for normal incidence in the following studies.
Results and Discussion
First, we compare the reflective efficiency of our structures with N ¼ 1, N ¼ 2, N ¼ 3, and N ¼ 4 (the numbers of hetero-structure Si=SiO 2 layers is N). The structure parameters are as follows: H ¼ 900 nm, t ¼ 60 nm, and the thicknesses of the substrate are much larger than H. Fig. 2(a) -(d) displays that the reflective efficiency is increasing within each reflection band when N is increasing. By comparing the structure of N ¼ 1, N ¼ 2, N ¼ 3, to N ¼ 4, the structure of N ¼ 4 shows better reflective property, and its total reflection bands are more flat and broad, the reflection efficiency of each reflection band is nearly up to 100%, as shown in Fig. 2(d) . What's more, the total reflection bands cover several useful wavelength regions, for example, 980 nm, 1550 nm, etc., which can be used in the infrared excitation and optical communications. The reason for the good performance of our proposed structure could be that there are strong coherent scattering effects and more mode couplings between layers, leading to the superposition of reflection bands when N is increasing. We also study the structures with more hetero-structure layers ðN > 4Þ, and we find that when N is increasing, the positions of total reflection bands are unchanged, and their reflective efficiency maintains nearly 100% all the time. In order to simplify the fabrication process and reduce the cost, we choose N ¼ 4 as our proposed structure. Next, the influence of the thickness of one hetero-structure layer (H) on the reflection bands is studied. Fig. 3 reveals the maps of reflective efficiency for normal incidence when H is tuned from 100 nm to 2.0 m, while the thickness of each Si layer (t) is fixed as 60 nm. In real fabrications, different kinds of QDs or the same kind of QD with different sizes correspond to different emission peaks. From Fig. 3 , we clearly see that the value of H will affect the total reflection bands' positions. Therefore, we can conclude that only by tuning H, we can adjust total reflection bands according to practical requirements. This property makes our structure multifunction and easy implementation. In our paper, in order to make our structure be applied to red QD-LEDs and infrared QD-LEDs, we choose H ¼ 900 nm.
To further clarify the physical mechanism of our proposed structure, we also study the electric field distributions at normal incidence. The electric field distributions are calculated 4 ¼ 1550 nm, respectively, in the structure of Fig. 1(a) .
by the RCWA method. Fig. 4 displays the amplitude distributions of the electric field ðjE j ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðEx Þ 2 þ ðEy Þ 2 þ ðEzÞ 2 q Þ at wavelengths of 1 ¼ 610 nm, 2 ¼ 730 nm, 3 ¼ 980 nm, and 4 ¼ 1550 nm, respectively. It is clearly that electric field is within all layers above the substrate, which results from the strong coherent scattering effects and interference between different layers. As we can see, the electric field distributes mostly in the superficial layer. We can coat the structure surface with colloidal QDs to enhance QDs' fluorescence. In order to meliorate the performance of the photonic devices, surface recombination states over the QDs should be taken into account, the fluorescence quantum yield of QD needs to be improved by passivating QD with coated shells, e.g., ZnS layers, for suppressing the surface recombination states over QD [16] , [17] .
In order to confirm the enhancement of ODs emission, we use FDTD method to simulate the QDs' radiation properties. Here, we compare the time-domain and frequency-domain far-field power from the emission of one dipole (oscillating electric dipoles pulse with a central wavelength of 1550 nm) at 100 nm distance from the top surface of bare SiO 2 and our proposed hetero-structure. From Fig. 5(a) and (b) , we obtain that the dipole's radiation power (the sum power of x -oriented dipole, y -oriented dipole and z-oriented dipole) on the surface of our proposed structure is larger than the power on bare SiO 2 surface in both time-domain and frequency-domain. If we put the monitor further from the dipole, our structure can realize larger enhancement ratio. Thus, we draw a conclusion that when the emission peaks of QDs agree with the total reflection bands of our proposed structure, the emission of ODs can be enhanced, so the brightness of QD-LEDs is enhanced as well.
Finally, we investigate the angular reflection spectra at both s-polarization and p-polarization, as shown in Fig. 6(a) and (b) . In details, when the angle increases from 0 to 80 , the total reflection bands have a little blue shift and maintain very high up to nearly 100% at several wavelength ranges, and the bandwidth have a little change for all the reflection bands. Although the total reflection bands show blue-shift at larger incident angles for both s-polarization and p-polarization, the reflective efficiency and total reflection band are less sensitive to angle changing for smaller incident angle range.
Conclusion
In summary, we have numerically demonstrated a model of all-dielectric multilayer heterostructure with four layers of Si=SiO 2 hetero-structure on SiO 2 substrate, which can provide multiple total reflection bands with very high reflective efficiency nearly up to 100%. Electric field profile is distributed within all layers above the substrate, and the strongest electric field distribution is at the superficial layer. QDs with emission peaks covered by the multiple reflection bands can be coated on the surface layer of our structure to enhance QDs' fluorescence/emission to enhance the brightness of QD-LEDs. What's more, the proposed structure parameters are adjustable and easy to be fabricated by magnetron sputtering technology [18] or Gas-Jet electron beam plasma chemical vapor deposition method [19] , the materials of structure are low cost and without environmental pollution. These unique properties make our proposed structure a promising candidate for application in red QD-LEDs and infrared QD-LEDs, which can be used in displays, infrared illumination, optical communication, and so on. Fig. 6 . Reflection spectra of the structure in Fig. 1 (a) at p and s polarization when incident angle is changing from 0 to 80 .
